This work presents an all-atom molecular dynamics simulation of a complete virus, the satellite tobacco mosaic virus. Simulations with up to 1 million atoms for over 50 ns demonstrate the stability of the entire virion and of the RNA core alone, while the capsid without RNA exhibits a pronounced instability. Physical properties of the simulated virus particle including electrostatic potential, radial distribution of viral components, and patterns of correlated motion are analyzed, and the implications for the assembly and infection mechanism of the virus are discussed.
Introduction
Satellite tobacco mosaic virus (STMV) is a small (w17 nm diameter) T = 1 icosahedral virus (Dodds, 1998) . The particle consists of an icosahedral capsid composed of 60 identical copies of a single protein of MW = 14,500, and a 1.058 kb RNA genome coding for that protein and a second protein of unknown function (Routh et al., 1995) . Because of its simplicity, STMV is wholly reliant on coinfection of a cell with a tobamovirus to reproduce (Valverde et al., 1991) . Depending on the species of the host plant, STMV coinfection may produce no additional symptoms (above those of TMV), or it may cause more severe symptoms than tobamovirus infection alone (Dodds, 1998) .
Based on the X-ray crystal structure of the virion (Larson et al., 1998) and a model of the RNA inferred from that structure (Larson et al., 1998; Larson and McPherson, 2001 ), an assembly mechanism has been postulated for STMV, proposing that assembly is a concerted process involving binding of protein dimers to the RNA as the nucleic acid is synthesized, and subsequent aggregation of those dimers into an icosahedral capsid . The mechanism for disassembly of the virus remains unknown, and continues to puzzle researchers in the field due to the very high stability of the virion.
Because of the immense size of a combined viruswater system, until very recently performing all-atom molecular dynamics on a complete virus has been computationally unfeasible (Phelps et al., 2000) . As a result, numerous computational techniques have been used to make virus capsid simulations tractable, for example, by simulating only part of a symmetric virus under symmetric boundary conditions (Phelps et al., 2000; Reddy et al., 1998) or by using a coarse-grained representation for part or all of the system (LaMarque et al., 2004; Zhang et al., 2004; Arsuaga et al., 2002) . Simulations of smaller portions of viruses have also been carried out for analysis of antiviral compounds (Perryman et al., 2004; Speelman et al., 2001) . Recent studies of virus structures have also been performed by using normal mode analysis on Gaussian network models of viral capsids (Rader et al., 2005; Tama and Brooks, 2005) ; such simulations have proven especially useful in interpolating the intermediates of structural transitions with known endpoints (Tama et al., 2004 ). All of these earlier studies have improved our theoretical understanding of viral structure, packing, and assembly, but are by their very nature limited by the approximations they make.
Thanks to advances in computing power and the fact that it is a very small virus, it is now possible to simulate the entire STMV particle using all-atom molecular dynamics (MD). In this study, we present the results of a series of five MD simulations performed on the full STMV virion, its isolated capsid, and the model for its isolated RNA genome. We find that while the full virion and the isolated RNA are both dynamically stable, the capsid swiftly becomes unstable and implodes in the absence of RNA. These findings have important implications for the mechanisms of viral assembly, since they indicate a greater role for RNA in organizing this assembly than has been previously assumed . The simulations also reveal a number of physical characteristics of the complete STMV virion that were previously unavailable.
Results
Our comparison of the behavior of the full virus particle, the capsid alone, and the RNA alone was designed to assess the stability of each of the components of the virus, and to determine both what factors are important to the structural integrity of the full virion and how these stabilizing factors might influence viral particle assembly. The simulations performed (see Table 1 ) allowed us to track the dynamics of the virus or its parts, in conditions similar to their native environment, on a timescale of 10 ns. Surprisingly, even such short (in comparison with, for example, the timescale of assembly of the virion) time periods reveal dramatic differences in stability between the simulations. We found that in the course of the simulation, the capsid without RNA began to collapse, and, after 10 ns, its shape was very different from the initial one, with the symmetry lost completely (simulations simCAPSID 298A , simCAPSID 298B , and sim-CAPSID 310 ; see Table 1 ). On the other hand, the RNA core and the full STMV particle exhibited nearly perfect stability over the entire simulation period (simulations simRNA and simFULL, respectively).
Stability of the Virion and Its Components
A diagram of the full virion, complete with ions and water, is shown in Figure 1 . The STMV capsid is icosahedrally symmetric, with a T-number of one. The structure of the capsid was obtained (Larson et al., 1998 ) with the T = 1 symmetry imposed; thus, initially the capsid was symmetric in our simulations. Over the course of simulation simFULL, thermal motion and interactions between the atoms caused deviations of the shape of the STMV particle from exact icosahedral symmetry, albeit only minor, local ones (rmsd for the a-carbon atoms of the capsid remained less than 2.2 Å in this simulation). Overall, the virion was very stable and sustained its shape during all 13 ns of simulation.
The behavior of the RNA core alone was observed in simulation simRNA. (A diagram of the simulation setup may be seen in Figure S1 , available in the Supplemental Data with this article online.). As explained in Experimental Procedures, the RNA model was based on crystallographic refinement of the STMV structure from Larson et al. (1998) , which matched observed icosahedrally averaged electron densities to 30 identical doublestranded RNA segments of 9 base pairs each. Singlestranded regions of uniform length were then inserted to connect the base pairing regions ). The single-stranded regions were modeled by poly-A RNA, and A-U pairs were used to represent the double-stranded regions. The RNA core expanded 10-15 Å in diameter (in comparison with the RNA packed in the virion) at the very beginning of the simulation, i.e., during minimization and equilibration, but there was very little additional change in radius during subsequent dynamics, and the overall structure of the RNA remained quite stable. This result is in agreement with experimental studies of STMV RNA (Day et al., 2001) , in which the In the left column, conventional names of the simulations, as used throughout the paper, are defined. In the ''Atoms'' column, the full number of atoms simulated, including the atoms of protein and RNA, as well as of the surrounding solution (water and ions), is shown; in the case of sim-FULL, the simulated system was comprised of 899,565 water atoms, 135,960 protein atoms, 30,330 nucleic acid atoms, and 773 ions. The protein capsid (green) is enveloping the RNA. Part of the capsid is cut out to make the RNA core of the particle visible. The backbone of RNA is highlighted in red, and the bases are drawn as cylinders; orange is used for double-stranded regions of the RNA, and blue is used for single-stranded regions. The STMV particle was solvated in a water box of dimensions 220 Å 3 220 Å 3 220 Å . The ions, added to neutralize negative charges of the RNA and positive charges of the coat proteins, are drawn in yellow (magnesium) and purple (chloride).
RNA core was found to prefer a condensed, spherical conformation when the protein coat was removed.
For the three simulations of the capsid alone, simCAP-SID 310 and simCAPSID 298A/B , we observed the evolution of an instability along several neighboring faces of the capsid. At the point of this instability (which consisted of different sets of subunits in each of the three simulations), the protein monomers began to move toward the center of the structure. For all three simulations, after 10 ns the capsid was greatly deformed. The observed collapse (see below for a detailed description) proceeded continuously throughout the simulation.
To better quantify the stability of the simulated structures, the rmsd values as functions of time are presented in Figure 2 for each of the five simulations. The rmsd was calculated for a-carbon atoms of the capsid and phosphate atoms of RNA. For simulation simFULL, the rmsd grew very slowly, while, for simulations simCAPSID 310 and simCAPSID 298A/B , the rmsd was significantly higher and grew faster with time. The RNA core in simulation simRNA also appeared to be quite stable, although its rmsd was higher than that of the full virion (simulation simFULL) or capsid alone in simulations simCAPSID 310 and simCAPSID 298A . The rmsd of the capsid in simulation simCAPSID 298B was greater and grew faster than the rmsd in any other simulation, including the rmsd of RNA in simulation simRNA, which shows that the structural change happening in simulation simCAPSID 298B was more pronounced than in other simulations of the capsid alone. The rmsd for simulations simRNA and sim-FULL grew roughly as a square root of time, while for simulations of the capsid alone, the rmsd increased roughly linearly after an initial swift rise. Large rmsd values for the RNA core dynamics are probably due to the flexibility of the RNA and lack of the conformational restraint that the capsid-RNA interaction imposes; however, the values are not indicative of overall conformational changes. To demonstrate this, we present in Figure 3 four successive conformations taken of the RNA core in simulation simRNA, at time 500 ps (A), 3 ns (B), 6 ns (C), and 9 ns (D). The labels (A)-(D) correspond to the same moments of time in Figures 2 and 3 . Clearly, the shape of the RNA core in all four images in Figure 3 is practically the same.
This conclusion about the stability of the entire virion and RNA core on its own, as opposed to the instability of the capsid alone, is further confirmed by analysis of the maximum and minimum radii of corresponding structures as functions of time. The plots of these values are presented in Figure 4 . To calculate them, we considered all a-carbon atoms of the protein capsid (for simulations simFULL, simCAPSID 310 , and simCAPSID 298A/B ) or phosphate atoms of RNA (simulation simRNA), and we chose the largest and smallest distance from any atom to the geometrical center of the structure. The radii of the capsid and RNA core for simulations simFULL and simRNA, respectively, remain the same (within several Å ) throughout the simulation. Maximum radii of the capsid stay almost constant in simulations simCAPSID 310 , simCAPSID 298A , and simCAPSID 298B , but the minimum radii decrease pronouncedly with time, reflecting the collapse of the capsid in the absence of an RNA core. This difference in the behavior of the maximum and minimum radii can be explained by observing how the collapse occurs. One can discern that the greatest instability (highest rmsd) arises at a certain point of the capsid at which some of the coat protein monomers begin caving in toward the center of the particle. At the same time, other protein units maintain their initial arrangement even after the collapse has proceeded to a significant degree. The minimal radius decreases as the collapsing group of proteins shifts toward the center, but the maximum radius does not change since the arrangement of other parts of the capsid remains undisturbed. As we saw in the rmsd plot in Figure 2 , the capsid in simulation simCAPSID 298B experienced greater structural change (faster collapse) than in the other simulations of the capsid alone. This is confirmed by the inner/outer radius dependence on time presented in Figure 4 . Initially, the minimum radius of the capsid is about 45 Å , and, after 10 ns of dynamics, it reaches 35 Å in simulations sim-CAPSID 310 and simCAPSID 298A ; however, for simulation simCAPSID 298B , it drops as low as 25 Å .
The collapse that we observe is essentially a symmetry-breaking process, occurring spontaneously and promoted by thermal motion. In order to confirm this, we ran three simulations of the capsid alone, simCAPSID 310 and simCAPSID 298A/B . A beginning of the collapse was observed in all three cases, but each time it occurred at different places on the particle. This means that the collapse is not a consequence of the initial configuration (which for the atoms of the capsid was the same in all three simulations), and may begin at any spot on the capsid with the same probability. In MD simulations, the initial distribution of atomic velocities is random (the Maxwell distribution corresponding to the appropriate temperature); furthermore, small frictional and randomly fluctuating forces are used throughout a simulation to maintain a constant temperature and pressure (Phillips et al., 2005) . Therefore, two simulations do not result in identical trajectories even if all parameters were the same and initial structures identical. This is indeed what we observe in simulations simCAPSID 310 and sim-CAPSID 298A/B . Since the collapse occurred fastest in simCAPSID 298B , second fastest in simCAPSID 310 , and slowest in simCAPSID 298A , the results obtained are not sufficient to judge the influence of temperature on the speed of the capsid implosion. It appears that for temperatures as close as 298 K and 310 K, the speed of the collapse is determined by the specific trajectory that the system adopts randomly, rather than by the temperature.
Description and Mechanics of Collapse
The collapse observed in simulations simCAPSID 298A , simCAPSID 298B , and simCAPSID 310 appears to follow a similar path in each case, although it begins at different points on the capsid in the three simulations. The collapse involves a complex and interrelated set of changes in the interactions of subunits across 2-fold, 3-fold, and 5-fold symmetry axes. In each case, the collapse begins in a single pentamer (the set of 15 protein subunits grouped around a 5-fold symmetry axis), where two nonadjacent faces of the pentamer begin to sink into the interior. The structure of the capsid from simulation sim-CAPSID 298B , both before and after the collapse, is shown in Figure 5 . (A detailed cross-section of the collapse is shown in Figure S2 .). The affected faces appear to become concave, and, at the same time, the faces sink into the center of the capsid. In both simulations, the collapse continues to progress through the entire course of dynamics; in addition, by the end of the simulations, several other pentamers begin to show a similar instability.
The collapse can be seen in more detail in Figure 6 , which shows a collapsing pentamer. The pentamer as a whole loses its 5-fold symmetry as the collapsing faces push inward, and the other three faces of the pentamer move slightly away from the center to compensate. In addition, the detailed view of the collapsing face illustrates that within the trimer, each monomer becomes tilted, with its inner vertex dipping into the capsid interior, and the other two rising upward; it is this tilt that so dramatically reduces the distance between outer edges of the trimer. It appears that this tilt allows for much more surface contact between the collapsing monomers and adjacent trimers; over the course of the Maximum radii are shown in the upper five curves, and minimum radii are shown in the lower curves. Shown are the radii of the protein coat for simulations simFULL (circles), simCAPSID 310 (diamonds), simCAPSID 298A (right-side-up triangles), and simCAPSID 298B (upside-down triangles) and the radii of the RNA core for simulation simRNA (squares). Calculation of the radii was performed by using the a-carbon atoms for the protein and phosphate atoms for the RNA.
collapse, the number of hydrogen bonds within the trimer increases by about 10%, and the subunits of the collapsing trimer come into much closer contact with both members of the adjacent faces and the N-terminal tails of neighboring monomers, which appear to dip deeper into the capsid interior to facilitate this interaction. Collapsing monomers, unsurprisingly, also underwent more internal motion than the rest of the capsid; the C a rmsd between the initial and final conformations of collapsing monomers in simulation simCAPSID 298B was 4.2 Å , whereas for monomers outside of the collapsing region, the average was only 2.2 Å . Both sets of monomers, however, showed most of the motion in the N-terminal tail and a few loops; the b barrel core stayed intact and remained relatively static in all cases.
Thus, at the level of the pentamer, the collapse appears to consist of a combination of the motion of collapsing trimers toward the rest of the pentamer and tilting of the individual monomers of the collapsing trimers. This process is driven by both hydrogen bonding and van der Waals interactions across the 2-fold symmetry axes between monomers in the collapsing trimer and nearby monomers of adjacent subunits. A combination of movement of each monomer away from the center of the trimer, an upward tilt to maximize interaction with neighboring trimers, and movement of the N termini of neighboring trimers into the capsid interior with the collapsing trimer provides enough favorable interactions to drive this collapse.
Physical Characteristics of the Virion
Viruses are perfect nanomachines, and an understanding of principles of their assembly and operation would be beneficial for the creation of artificial nanomachines (Strable et al., 2004; Blum et al., 2004) , as well as for providing a deeper insight into more complex biological systems. To our knowledge, the simulations that we performed in this work give, for the first time, an opportunity to investigate the dynamic properties of a complete virus in full atomic detail. We present a number of quantities calculated for the STMV virion (simulation simFULL).
The ideal STMV capsid is symmetric and, from looking at the crystal structure, might appear as a rigid shell encompassing an equally rigid RNA core. To investigate how realistic this view of the particle is, we calculated the rmsd of individual residues of the capsid subunits, averaged over 13 ns of dynamics. On average, residues had an rmsd of about 3.0 Å , with a standard deviation of z1 Å . This average value is higher than that shown in Clearly, the uneven flexibility around the capsid means that its motion is not symmetric. There are two main factors making the system asymmetric: thermal motion and the fact that the initial structure of the RNA core is not perfectly symmetric. To see how much the symmetry is broken in the equilibrium dynamics of the virion, we monitored the motion of the centers of masses of the protein subunits. The correlation matrix for these motions, averaged over all three dimensions and 13 ns of dynamics, is presented in Figure 7 . Axes for the entries of the matrix correspond to the numbering of the subunits that we used, which is arbitrary. Therefore, analysis of the result shown in Figure 7 requires mapping onto the structure according to the locations of the subunits as done in the inset of Figure 7 . Diagonal light and dark lines in Figure 7 illustrate that motions of neighboring subunits in the capsid are anticorrelated, while two subunits separated by another subunit are moving in phase. There are several compact regions of positive correlations in Figure 7 . Highlighted on the capsid, these subunits form a continuous region almost embracing the capsid equatorially like a ''belt'' (inset in Figure 7 ; note that this ''belt'' is one subunit short of fully embracing the capsid and includes some out of plane components, but we use ''belt'' to refer to this region for lack of a better term). This ''belt'' is formed around an axis passing through the center of the capsid, though this axis does not correspond to either a 5-, 3-, or 2-fold symmetry axis of the ideal structure; neither does it seem to be directly correlated with the RNA structure. It appears that the ''belt'' of coherent motion arises as a result of symmetry breaking determined by the properties of the capsid and by random thermal motion.
Regions outside of the ''belt'' show mostly noncorrelation or anticorrelation to in-''belt'' regions, and, interestingly, are also mostly uncorrelated with other out-of-''belt'' subunits, except for those pairs lying along the diagonal lines of correlation noted above. The combination of this pattern with the relatively high correlations found in the ''belt'' seem to indicate that the ''belt'' subunits are the only ones involved in any sort of concerted oscillation; this is especially interesting given that these subunits equatorially encompass the capsid, and thus cannot simply be undergoing symmetric radial motion since we find that the motion of diametrically opposed subunits on the ''belt'' is not anticorrelated.
Since the capsid is symmetric, one would expect that natural normal modes for this structure would include radial oscillations, such that the radius of the entire capsid oscillates coherently in all directions; however, such motion was not observed in simFULL. A possible explanation for the features observed in the analysis shown in Figure 7 is that the structure is too large and not stiff enough for oscillations to propagate regularly throughout the entire structure; instead, oscillatory motions appear along a somewhat regular ''belt'' region, and the rest of the capsid shows no symmetric motion at all beyond the local level. However, our simulation covered only 13 ns of dynamics of the virion. It is possible that other modes of motion, including coherent radial oscillations of the entire structure (swelling), would occur on a longer timescale.
Calculating the rmsd of the center of mass of each monomer (with samples taken every 50 ps) yields a value of 0.42 6 0.05 Å . Although the correlation plot shows some regions of strong correlation and some of strong anticorrelation, calculation of the rms deviations of the center of mass for each monomer shows no distinct pattern at all; most notably, the ''belt'' and polar regions of the capsid show similar distributions. This small variance and even distribution indicates that the magnitudes of monomer motion are similar between the ''belt'' region and the rest of the capsid; only the modes of motion are different.
The time-averaged radial distribution of components of the STMV particle from simulation simFULL is shown in Figure 8 . The figure shows clear density peaks for RNA, protein, and water, in the appropriate places, although there is some overlap between each successive peak because the virus is not spherically symmetric and has some areas where two layers intermingle. Similar density patterns were observed for the other simulations in this study (data not shown); the only differences were slight inward shifts of the protein peak in simCAP-SID 298A/B and simCAPSID 310 and a slight outward shift of the RNA in simRNA. Both of these observations are in line with the general trends observed earlier for their respective simulations.
The viral capsid proved to be fairly permeable to water in all of the simulations we performed, with gross fluxes on the order of 800 water molecules/ns. In all simulations, a similar pattern of water movement occurred, in which the amount of water in the capsid dropped significantly at first (as some of the interior water solvated the capsid proteins), and then rose steadily for the next several nanoseconds until finally stabilizing at a level slightly higher than the amount that had been inside the capsid initially. This level was maintained in simulation simFULL, but it began to decrease again in simCAP-SID 298A and simCAPSID 310 as the collapse became more significant, and, in the case of simCAPSID 298B (which showed the fastest collapse), it dropped significantly toward the end of the 10 ns simulation. As a percentage of the initial amount of water inside the capsid, the net change in the contained amount through the simulation was +3.5% for simFULL, and +0.5%, 27.8%, and 20.3% for simulations simCAPSID 298A , simCAPSID 298B , and simCAPSID 310 , respectively. Since we observed The color scale is shown at the right and ranges from 1 (perfectly correlated movement) to 21 (perfectly anticorrelated movement). Since the matrix is symmetric, only the upper half is shown. For clarity, numbers are only given for every third monomer. Inset: diagram of the STMV capsid; monomers that are involved in the ''belt'' of high correlation (see text) are shown in blue, and the rest of the protein is shown in gray. The numbers of ''belt'' monomers are also highlighted in blue on the correlation matrix.
these fluxes occurring at the same time as the collapse, it is not absolutely clear whether the water flux is a cause or an effect of the collapse; however, since the collapse in simulation simCAPSID 298B was only marginally faster than that observed in the other two capsid simulations, even though the other two had only begun to show an outward flux of water, it seems likely that the capsid collapse is indeed driven by strong intersubunit interactions as described above, and that the water fluxes observed are merely a symptom of the collapse.
The charges in and around the virion-ions and charges on the RNA and capsid-create a net electrostatic field that influences the motion of all charged elements of the system. The electrostatic potential map for the system of virion and ions in a water box is shown in Figure 9 . The map presented is for the potential in a plane passing through the center of the STMV particle. It was calculated as an average over 13 ns of dynamics.
The voltage scale spanned by the values of electrostatic potential in Figure 9 is up to 4.5 V. The voltage difference over the capsid is about 1.5 V, and since the thickness of the capsid is z30 Å , this corresponds to a field strength of about 5 MV/cm. Although the RNA is charged negatively, the interior of the virion has positive electrostatic potential, and the outside is negative (this is natural since there are negatively charged Cl 2 ions in the solution). The positive electrostatic potential inside the virion is due to the presence of Mg 2+ ions that surround the RNA core and the positive charge that is carried on the capsid protein.
The RNA core of STMV is charged negatively. The protein capsid, charged positively, partially neutralizes the RNA charge, but the overall charge of the virion is still about 2700jej. This excess charge is neutralized by the ions present in the solution, added in our simulations as described in Experimental Procedures. The ions are an integral part of the STMV system, as they are part of the medium in which STMV exists. Therefore, it is important that the behavior of ions is assessed in our study.
As explained in Experimental Procedures, we used magnesium ions to neutralize the RNA charge and chloride ions to counteract the charge of the capsid. Magnesium ions were initially placed in the vicinity of RNA, and chloride ions were distributed in the surrounding water. During simulation simFULL, the mobility of Mg 2+ and Cl 2 ions differed dramatically. While Cl 2 ions moved around almost freely, the Mg 2+ ions remained attached to RNA, and even exchange of places on RNA between the In each case, the mass density was calculated by summing the masses of all atoms of the given type along 0.5 Å radial increments, averaged over one snapshot per nanosecond of simulation. In the case of the ions Mg 2+ and Cl
2
, the calculated densities were multiplied by 50 to give them a scale similar to the other components. Symbols on the lines are shown every 4 data points. Figure 9 . Distribution of the Electrostatic Potential in a Plane Cut through the Virion The potential is averaged over 13 ns of dynamics (simulation simFULL). The square cell shown in the picture is of dimensions 220 Å 3 220 Å . Contours of the capsid in the plane of the cut are highlighted by the thick, black line. magnesium ions was rare. For the Cl 2 ions, we calculated a diffusion constant of 1.5 3 10 25 cm 2 /s. The diffusion constant D was calculated from the Einstein relation for free diffusion in three dimensions:
where r(t) is the position of a particle at time t and <.> denotes an average over the ensemble. The value of the diffusion constant found for chloride ions moving in a water box with a large STMV particle in the center is quite close to the experimental value of 2.0 3 10 25 cm 2 /s for the motion of Cl 2 ions in an aqueous solution at 298 K (simulation simFULL was performed at the same temperature). For magnesium ions, it does not make sense to calculate the diffusion constant, since they strictly follow the motion of the RNA components to which they are attached, and their motion is governed not by diffusion but by the flexibility of the RNA core. This behavior of the magnesium ions is in agreement with generally accepted ideas that positively charged ions often remain attached to RNA or DNA, and in doing so play a significant role in the condensation of complexes of nucleic acids (Chin et al., 1999; Auffinger et al., 2003; Heilman-Miller et al., 2001) .
Despite the fact that most of the Cl 2 ions move almost freely in the solution, some of them bind to the capsid. In simulation simFULL, this behavior is seen in only 15 of the 300 ions over all 13 ns of dynamics. The bound Cl 2 ions appear to attach to the capsid interior, and they are pushed by the RNA against the capsid. In contrast, in simulations simCAPSID 310 and simCAPSID 298A/B , more Cl 2 ions (30-35, as opposed to 15 in simulation simFULL) were attached to the capsid, and they appeared on the outer surface of the capsid. This difference in the Cl 2 ion behavior is somewhat expected, since in simulations simCAPSID 310 and simCAPSID 298A/B , there is no negatively charged RNA inside the capsid to reduce the electrostatic attraction between chloride ions and the virion. In simulations of the capsid alone, the chloride ions were found attached to the positively charged side chains on the capsid, and no preference to the 5-, 3-, or 2-fold symmetry axes was observed.
Discussion

Implications for Virus Assembly
Our results demonstrate that the STMV capsid by itself is not stable and, therefore, should not be observed alone experimentally, and indeed, it has not. However, the RNA core by itself is stable, and it has been observed experimentally in its condensed, spherical conformation by AFM (Kuznetsov et al., 2005) . The model for the STMV RNA employed in our simulations did not include tertiary structure interactions within the RNA core due to the omission of some segments of the genome. From other RNA molecules whose structures are known, we can assume these to be both numerous and significant; these could only further enhance the conformational stability of the condensed RNA. Thus, it is possible that even the moderate swelling of the RNA that we observe would not occur for the isolated nucleic acid.
The entire virion is also perfectly stable and compact during our simulation in standard conditions (atmospheric pressure, normal plant temperature, and neutral aqueous medium). As with the RNA, this stability comes despite the absence of potentially favorable interactions; in this case, 12 residues on the N terminus of each capsid monomer are disordered and missing from the crystal structure, and this region is thought to form favorable charge-charge interactions with the RNA that would further stabilize the complete virion (recent computational studies have indicated that small plant viruses may be electrostatically unstable in the absence of the charge from this segment (Zhang et al., 2004 ), but we have included magnesium counterions partially to account for this). Thus, we find that both the full virion and the RNA alone are stable in our dynamics, and that they could only be even more stable in the complete structure, due to the fact that the only segments omitted from the simulation are known to be involved in stabilizing interactions ). In contrast, not only did we find the capsid alone to be unstable, but the missing regions would not have any stabilizing influence on it, since the missing N terminus interacts with the RNA in the complete structure. This information should have serious implications for the life cycle of STMV, especially for the assembly of newly created particles.
The currently favored hypothesis for assembly of the STMV particle was set down by Larson and McPherson (2001) ; it is thought that capsid formation is a concerted process, in which the RNA begins to form its stem loop configuration during synthesis, and is stabilized by binding of capsid protein dimers to these structures. In this model, assembly of the complete virion is facilitated by the capsid dimers' affinity for an icosahedral structure; the RNA itself does not specify this structure, but is compatible with it.
The results of the molecular dynamics simulations in our study seem to deemphasize the affinity of the capsid protein itself for an icosahedral shape, and they indicate that the RNA may be even more crucial for proper assembly than was previously thought. Our finding that the structure of the RNA by itself is fairly stable is in line with previous AFM studies on STMV particles treated with proteases (Day et al., 2001 ) and on RNA extracted from the virus by using phenol (Kuznetsov et al., 2005) . In our simulation (simRNA) we found that, although the RNA core did not preserve its icosahedral symmetry in the absence of the capsid, it was quite stable overall and maintained both the integrity of the individual double-stranded regions and their relative orientations. Given the stability of this structure, it seems quite possible that the STMV genome would, even in the absence of capsid protein, form a spherical shape very close to that found in the assembled virus, although not perfectly symmetric (particularly, as noted above, with the additional favorable interactions that could occur with the complete genome). The very low stability of most capsid protein interactions in the absence of RNA also lends credence to this interpretation. In simulations simCAPSID 298A/B and simCAPSID 310 , we saw complete disintegration of trimer interactions on the collapsing faces, and the beginnings of destabilization of the pentamer as well; on the other hand, dimeric interactions between monomers on the collapsing face and monomers of adjacent faces seem to remain significant even in the capsid-only structures, and they appear to provide much of the driving force for the collapse of the capsid as a whole. This is consistent with the extensive network of interactions within protein dimers that has been observed crystallographically (Larson et al., 1998) .
Recent studies on Flock house virus (FHV), a T = 3 icosahedral nodavirus, have shown that FHV is capable of packing RNA of a wide variety of sequence compositions and lengths into a similar tertiary structure inside the capsid (Tihova et al., 2004) . The authors of that study believe that this indicates that the assembling FHV capsid subunits bind RNA that is in a substantially different conformation from the state found in the full virion; the flexibility of the RNA is then exploited as the protein capsid assembles to force the RNA into a shape compatible with the final structure of the virion. The concerted assembly model for STMV assembly follows a similar logic, assuming that the STMV RNA forms a nonnative state initially and only assumes the final, encapsidated tertiary structure with the help of the protein. Our results on the relative stabilities of the isolated RNA and protein, however, may indicate that the RNA of STMV is stable in a spherical, condensed state very similar to that found in the native virion and, furthermore, suggest the possibility that the capsid protein has relatively little affinity for its native icosahedral structure in the absence of RNA.
Based on these observations, we propose an alternative model for the assembly of the STMV virion, in which the RNA folds into its spherical state (complete with formed double-stranded regions) prior to any binding of the capsid protein. Once this is complete, individual capsid protein dimers could then associate with the RNA; presumably, favorable interactions between the capsid face and the RNA, combined with the attraction of the N-terminal tails for the polynucleotide, would force the dimer into a capsid-like configuration associated with the RNA. Assembly of the complete virus could then occur through the tiling of 30 dimers over the surface of the RNA. Once this stage had been reached, the somewhat weaker trimeric and pentameric interactions would impose overall icosahedral symmetry on the structure. This mechanism is similar to that proposed by Lin et al. (2003) for the assembly of bean pod mottle virus based on major structural changes between the empty and filled capsid observed through X-ray crystallography.
Both the concerted assembly model and the RNA-first model rely upon the interaction between the capsid N terminus and the RNA to properly orient the capsid dimer for oligomerization, since we find that in the absence of RNA the overall icosahedral structure is not stable. Unfortunately, because there are 12 disordered residues on the N terminus of the capsid protein having a variety of internal dispositions and thought to form salt bridges with the RNA, it is difficult to determine exactly how this orientation takes place; we assume that it occurs when favorable tail-RNA interactions pull the N termini into a conformation that orients the dimer so that the monomers are strictly edge-on, and thus can associate with other dimers in a regular manner. We do not see any reason at this point to discard either the concerted assembly model or the RNA-first model; indeed, it is quite possible that the answer lies somewhere in between the two, depending on how close the RNA can come to its fully folded structure in the absence of guidance from the protein.
Comparison with Other Small Plant Viruses
It is important to note in this discussion that while the structure of the capsid without RNA was dramatically unstable in our simulations, it is not entirely clear that the collapse we observed would continue to completion, or that the particle would disassemble completely in the absence of RNA. Indeed, a number of plant viruses do form stable icosahedral particles in the absence of RNA, including the T = 1 particles of brome mosaic virus (BMV) (Lucas et al., 2001; Larson et al., 2005b) as well as alfalfa mosaic virus (AlMV) (Kumar et al., 1997; Larson et al., 2005b) , and the T = 3 artificial top component of turnip yellow mosaic virus (TYMV-ATC) (Canady et al., 1996) ; many somewhat larger icosahedral animal viruses are also known to form stable capsids in the absence of nucleic acid (Wu and Rossmann, 1993; Curry et al., 1997; Prasad et al., 1994) . This is especially curious since the T = 1 structures of AlMV and BMV show fairly weak protein-protein interactions compared with STMV, such that STMV's instability in the absence of RNA seems quite surprising since these other capsids do form stable structures. The stability of the TYMV capsid in the absence of RNA is more or less required because it forms very few favorable contacts with RNA and appears to rely mainly on protein-protein interactions for assembly (Larson et al., 2005a) ; however, it is a much larger virus (28 nm diameter) and, thus, it too might be expected to be somewhat less stable than STMV. Molecular dynamics simulations similar to those presented here should be performed on a small plant virus known to be stable in the absence of RNA, such as the recently published structure of brome mosaic virus (Larson et al., 2005b) ; such simulations would provide a useful contrast to the present study and might yield further insight into the structural features that make a capsid stable or unstable in the absence of its nucleic acid counterpart.
It is not possible to state with certainty that the collapse that we observed in our simulation indicates complete instability of the STMV capsid in the absence of RNA. The collapse might stop at some point, leaving an asymmetric but stable structure, or the collapsing subunits could eventually rebound and the capsid could form a stable, perhaps quasisymmetrical, structure. It is also possible, though, that STMV is an exception from the usual trend in viruses of this type, and that the instability we have observed indicates that the capsid will either fully collapse or never even form in the absence of RNA. The fact that the STMV capsid has not yet been observed experimentally in the absence of RNA lends some weight to the latter possibility, although it is by no means proof; certainly there are known cases of icosahedral viruses requiring RNA for assembly (Tang et al., 2001; Fisher and Johnson, 1993) . The observation that capsid collapse in our simulations occurred due to collapse of monomers across the 2-fold symmetry axes may explain the apparent paradox between the strong protein-protein interactions in STMV and the instability of its capsid without RNA: It is possible that the STMV capsid collapses because its protein-protein interactions are too favorable along certain axes, and, thus, that in the absence of RNA, the stronger dimer interactions are so dominant that they force the exclusion of other, higher-order interactions that stabilize the complete capsid. We observed that in the collapsing pentamers, dimer interactions began to include both the underside of the monomers and their N-terminal tails, both of which are known to form stabilizing interactions with the RNA in the complete structure ). If it is the case that these regions are capable of interacting with the RNA or across the dimer interface, then it is possible that only the presence of RNA prevents the capsid monomers from forming overly stable dimers that cannot properly oligomerize. The stability of the STMV capsid without RNA is an important characteristic because it has ramifications for whether folding is primarily a cooperative process or mostly RNA driven; the less stable the capsid is in the absence of RNA, the more likely it seems that assembly is more reliant on the RNA to provide the initial superstructure for the virion. Unfortunately, it would require either the successful isolation of an RNA-free STMV capsid or the failure of more concerted efforts to obtain such a structure to provide stronger evidence for or against our hypothesis that the STMV capsid truly is unstable without RNA.
Conclusions
We have performed what is, to our knowledge, the first all atom simulation of an entire life form, satellite tobacco mosaic virus, albeit an extremely primitive one with an artificial nucleotide sequence. Simulation of the entire virion for 13 ns demonstrated its perfect stability. The RNA core of the STMV particle, simulated on its own, was found to remain in a condensed, spherical conformation and to be significantly stable as well, in agreement with experiment (Day et al., 2001 ). The STMV capsid by itself was observed to collapse when simulated in the absence of RNA, which is also consistent with the fact that assembled STMV capsids are not found in the absence of any RNA core.
Although in our simulations STMV particles are very stable, their components exhibited a rich pattern of behaviors in our simulations. One striking example was that during simulation of the virion, a pronounced symmetry breaking arose in the dynamics of protein units, resulting in the coherent motion of protein units that form an equatorial ''belt'' around the capsid and anticorrelated motion of the diametrically opposite units. We further found that magnesium ions, added to neutralize the negative charge of the RNA core, remained attached to the RNA during the simulation, which confirms generally accepted ideas regarding the behavior of complexes of RNA/DNA and ions.
Our data on the stability of the virion and RNA core, and the instability of the capsid without the RNA core, favor the hypothesis, also suggested by experimental evidence (Day et al., 2001; Kuznetsov et al., 2005; Larson and McPherson, 2001) , that the assembly of STMV follows a path in which the protein capsid assembles around a partially formed RNA core. In general, these results demonstrate the power of molecular dynamics techniques in simulation of macromolecular complexes and their ability to guide the interpretation, explanation, and direction of experiments.
Experimental Procedures
In this section, we describe the systems simulated and the molecular dynamics protocols used in this study.
Capsid and RNA Structures
Coordinates for the STMV capsid protein were obtained from the STMV crystal structure (Larson et al., 1998, PDB code: 1A34; Berman et al., 2000) . Sixty copies of the protein monomer were oriented according to the icosahedral symmetry in the PDB file to obtain a complete structure for the virus capsid. The structure used for the viral genome is an RNA model based on crystallographic refinement of the RNA found in the original STMV structure (Larson et al., 1998; Larson and McPherson, 2001 ). The electron density obtained for RNA was not at atomic resolution; only the backbone of RNA in 30 double-stranded stems was resolved, while the single-stranded regions, as well as the bases in double-stranded regions, were obscured. To match the observed structure, the RNA model was built of 30 identical double-stranded regions, with the icosahedral symmetry imposed. The model contained 949 nucleotides (out of 1058 in the complete genome) arranged into 30 double-stranded helical segments of 9 base pairs each, with appropriate loop and connecting single-stranded regions built in. The entire genome was modeled as poly-A RNA for the single-stranded regions, and as A-U pairs for double-stranded regions.
We assembled three separate systems to simulate, one containing only the protein capsid, a second containing only the RNA, and a third system with the fully assembled virus (capsid and RNA). Each system was fully solvated with water by using the Solvate plugin of VMD (Humphrey et al., 1996) . The VMD Autoionize plugin was then used to randomly place the ions necessary to neutralize the system. In simulations in which RNA was present, Autoionize was used to place a sufficient number of magnesium ions within 8 Å of RNA (excluding volume occupied by the capsid) to fully neutralize it. The capsid's charge was neutralized by chloride ions placed in bulk solvent. Throughout the paper, we refer to the simulations with the names listed in Table 1 . A summary of the characteristics of the systems is also presented in this table.
The numbers of atoms included in the simulations, as listed in Table 1, are mainly due to water that must be included in the simulation to account for the cytoplasmic environment. The capsid of the virus alone is comprised of 132,000 atoms, and the RNA genome (949 nucleotides in the present model) consists of 30,000 atoms. Once immersed in the water/ion solution, the number of atoms in the system to be simulated grows to roughly one million.
Molecular Dynamics Simulations
All simulations were performed with the molecular dynamics program NAMD 2.5 (Phillips et al., 2005) using the CHARMM22 force field (MacKerell et al., 1992 (MacKerell et al., , 1998 for proteins, CHARMM27 parameters for nucleic acids (Foloppe and MacKerell, 2000) , and the TIP3P model for all water in the system (Jorgensen et al., 1983) . The simulated systems were kept at constant temperature (see Table 1 ) by using Langevin dynamics for all nonhydrogen atoms, with a Langevin damping coefficient of 5 ps 21 . A constant pressure of 1 atm was maintained by using a Nosé -Hoover Langevin piston (Feller et al., 1995) with a period of 100 fs and damping timescale of 50 fs.
Simulations were performed with an integration time step of 1 fs under a multiple time stepping scheme (Schlick et al., 1999) ; bonded interactions were computed every time step, short-range nonbonded interactions every two time steps, and long-range electrostatic interactions every four time steps. A cutoff of 12 Å was used for van der Waals and short-range electrostatic interactions; a switching function was started at 10 Å for van der Waals interactions to ensure a smooth cutoff. The simulations were performed under periodic boundary conditions, with full-system, long-range electrostatics calculated by using the particle-mesh Ewald method with a grid point density of over 1/Å . The unit cell was large enough that adjacent copies of the virus were never close enough for short-range interactions to apply.
Prior to full dynamics, each system was subjected to 1000 steps of conjugate gradient energy minimization, followed by 150 ps of equilibration. We then performed all-atom molecular dynamics as described above, at the temperatures and durations listed in Table 1 . In the case of the full virus structure, we observed that during the equilibration, a small vacuum formed at the center of the simulation as water rushed outward to solvate the RNA. To ensure that the capsid interior was adequately solvated, we ran 400 ps of dynamics on the capsid, added the additional water necessary to fill in the center, and then repeated the minimization and equilibration steps and began our production run as described above.
Minimization and equilibration runs were carried out on a cluster of 48 AMD Athlon 2600+ processors. Simulations were then performed on 128 (256) Altix nodes at the National Center for Supercomputing applications, with performance of 0.7 (1.1) ns/day in the case of simulation simFULL.
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